Introduction
The health problems related to prosthetic infections are overwhelming. Periprosthetic infections are serious complications, leading to osteomyelitis, deep tissue infection, and chronic pain, which may result in implant failure. The cost related to implant-associated infection is an economic burden for society and the government. As an illustration, the periprosthetic joint infection revision cost in USA is around $566 million annually, and it is expected to reach $1.62 billion by 2020 [1] . The possibility of prosthetic infection events could be influenced by several risk factors, including preoperative risk factors (e.g., obesity, diabetes-mellitus), operative risk factors, and postoperative risk factors (e.g., postoperative wound complications, urinary tract infections, and allogenic blood transfusion). Joint replacement revision surgery is a surgery procedure that is performed after the primary surgery due to (i) implant loosening/lysis, (ii) infections, and (iii) pain. Revision surgery is usually more expensive and is occasionally more complex than the primary joint replacement surgery [2] . The therapy for periprosthetic infections may involve two-stage prosthetic exchange separated by six weeks of intravenous antibiotic therapy, which results in long term hospitalization and a cost almost 5 times higher than the primary surgery [3] .
Studies of bacterial attachment to surfaces are intensively conducted in engineering, marine, environmental, and also biomedical implant device due to its negative implications. The attachment of bacteria to a biomedical implant is a crucial step in the pathogenesis of prosthetic infection. There are two sources: (a) direct contamination of the wound and implant surface during surgery and (b) hematogenous or lymphatic seeding from infections from other part of body [4] . Understanding the underlying factors influencing bacterial attachment as well as characteristics of nanocoatings is essential for exploring the pathway on producing an effective nanocoatings for bone implant applications. In this review the basic of bacterial attachment and infections, nanocoatings and factors that influenced bacterial attachment will be discussed.
be competition between tissue cells and bacteria. Once bacteria are in contact with the implant surface, they build an extracellular matrix, secrete polysaccharides, and form a biofilm. The biofilm is a conducive medium for adhesion and acts as a protective barrier for microbes; thus infections are more likely to occur. It is difficult to cure this condition since it is not easy for antibiotics to penetrate biofilms. This type of infection can be prevented if the materials can be modified to induce antibacterial properties through silver and copper ion implantation or the incorporation of zinc oxide, antimicrobial peptide, and chitosan [6, 7] . Another alternative effort to prevent biofilm formation is functionalising surface using metallic nanoparticles and coating surface material with quaternary ammonium compounds and iodine. Studies reported that coating material with antibiotics, such as minocycline/rifampin, silver sulfadiazine-chlorhexidine, also reduced bacterial adhesion [8] .
2.1.
Nanocoatings. An ideal bone implant material should have osteoconductive, osteoinductive, and osseointegration ability [9] . Furthermore, other key criteria for implant performance include biocompatibility and mechanical compatibility. Metals, such as titanium (Ti) and tantalum (Ta), are excellent materials for bone implant applications and have been extensively used. This is attributed to their light weight, corrosive resistance, and bioinert nature. However, they usually lack sufficient osseointegration for implant longevity [10, 11] . The implant material surface after implantation will directly contact with the host bone tissue. One way for improving the healing process is the application of a nanohydroxyapatite coating onto the surface of biomedical devices and implants. Hydroxyapatite (HA) belongs to the calcium phosphate family and demonstrates the best bioactivity amongst other forms of calcium phosphate. Hydroxyapatite exhibits functionality in promoting osteoblast adhesion, migration and differentiation, and proliferation, which are essential for bone regeneration. Most importantly, HA has the ability to bond directly onto bone. The hydroxyapatite (HA) layer was able to promote the biointegration process due to its ability to adsorb molecules of water and proteins, thus stimulating new bone tissue growth around the implant. In particular, nanocrystalline HA is more pertinent than microcrystalline HA because of its structural similarity with apatite [11, 12] .
Surface modification is an important step in producing a long lasting bone implant due to the need to alter the surface physicochemical properties. During the past three decades, several techniques, such as sputtering, sol gel, chemical vapour deposition, and pulsed laser deposition, were used to produce nanoscale coatings with relative good quality. However, all these techniques have limitation in producing HA films with the desired stoichiometry and crystallinity [11] . Criteria on high quality nanocoatings on metallic substrates are excellent mechanical and bonding strength onto the substrates, hardness, and Young modulus that mimics human bone. A study reported that hydroxyapatite-silver coatings onto titanium reduced the number of bacteria adhered on its surface compared to noncoated titanium [13] . Similar results were reported by Mediaswanti et al.; HA-SiO 2 coated titanium surfaces showed lower number of P. aeruginosa and S. aureus attached on the surfaces [14] .
The hydroxyapatite coating thickness varies from nanometre scale up to micrometre scale. Hong et al. manufactured a 500 nm thick coating of crystalline HA using magnetron sputtering [15] . Mediaswanti et al. succeeded in producing HA/SiO 2 coatings with an average thickness of 200 nm [14] . Thian et al. succeeded in incorporating silicon in hydroxyapatite (Si-HA) using magnetron sputtering and discovered its potential use as a biocoating. The Si-HA film thickness was up to 700 nm [16] . To the best of the author knowledge, there was still lack of literature discussing bacterial attachment on nanocoatings.
Bacterial Attachment.
Biofilm formation caused negative impacts on biomedical applications, as it leads to complicated infections. Prior to biofilm formation, the initial stage of the biological process is bacterial attachment. In this context, studies on bacterial attachment on various surfaces have been done intensively to obtain a surface that is able to resist bacterial retention on the surface, thus reducing biofilm formation. It has been proposed from rigorous studies that bacterial attachment on a surface is influenced by physicochemical, biological, and environmental parameters of the bacteria cells and the substratum surfaces. In this review, it will only discuss the influence of the physicochemical aspects (i.e., surface wettability, surface tension, surface topography, and surface charge) of the substratum surface on bacterial attachment.
Surface Wettability.
The physicochemical properties of the surface play a significant role in bacterial attachment. Wettability is an interfacial property of a surface that influences the adhesion behaviour of biological cells. Surface wettability test is usually performed using contact angle measurement by sessile drop method. Measurement of contact angle with the surface is required to calculate the energy of the surface. Controlling the wettability of implant material surfaces is essential. Lower contact angle represents higher degree of wettability or hydrophilic surfaces; adversely higher contact angle indicates lower degree of wettability, which is known as hydrophobic.
Hydrophobic and hydrophilic surfaces are commonly defined as follows:
(i) Surfaces with water contact angle greater than 150 ∘ are superhydrophobic.
(ii) Surfaces with water contact angle between 90 ∘ and 150 ∘ are hydrophobic.
(iii) Surfaces with water contact angle between 10 ∘ and 90 ∘ are hydrophilic.
(iv) Surfaces with water contact angle less than 10 ∘ are superhydrophilic.
It was suggested that bacterial attachment is more prone to hydrophobic surfaces. Several studies revealed that the number of bacterial cells attached was higher on hydrophobic surfaces, as well as the rate of attachment [17] . Strength of bacterial binding was higher on the hydrophobic surface as reported in 1990 by Doyle and Rosenberg [18] . Marshall reported two stages of bacterial adhesion mechanism; at the beginning the adhesion was weak, and thus the bacteria were easily detached. In the next stage the adhesion was strong and irreversible by synthesis of extracellular biopolymer [19] .
Van Loosdrecht et al. reported that entropy will increase as a result of displacement of inverse ordered layers of waters, which then creates a surface that is conducive for adhesion [20] . This phenomenon happened when two hydrophobic surfaces were approached to each other. In the case of hydrophilic surface, the surface attracts more water on its surface; thus, the adhesion was lower due to the necessity to remove the adsorbed water before adhesion takes place. Similar results on this phenomenon were also reported in numerous studies. Lower bacterial adhesion on less hydrophobic surfaces was reported by Li and Logan [21] . Bayoudh et al. produced an indium tin oxide coating on a glass. It was observed that the hydrophobic surfaces attracted more bacteria (S. epidermidis and P. stutzeri) to attach on its surfaces compared to bare glass [22] . In a study conducted by Chen et al., it was found that hydroxyapatitecoated titanium showed lower contact angle compared to the noncoated sample, exhibiting that coated titanium was less hydrophobic [13] . The number of bacteria adhered on the coated surfaces was less than the bare sample, indicating that less hydrophobic surface hinders bacteria attachment.
Much attention has been given in recent works on superhydrophobic type of surface because of their unique properties on self-cleaning effect and the interactions between materials and organism. Surfaces with water contact angle more than 150 ∘ are superhydrophobic (i.e., nonwettability). It was reported that increasing the surface roughness will cause increase in contact angle and vice versa. It can be concluded that superhydrophobic surfaces have higher surface area due to the increase of surface roughness [23] . It is generally accepted that superhydrophobic surface has the ability to clean itself from contaminant due to low adhesion of water.
Fadeeva and coworkers produced a superhydrophobic surface on titanium that mimics a lotus leaf using femtosecond laser ablation technique and studied the bacterial adhesion on the surfaces. The surface consists of two-tier micro-and nanoscale structure (i.e., 200 nm wide irregular undulations). Two strains of bacteria, P. aeruginosa and S. aureus, were used. It was revealed that P. aeruginosa cells were unable to attach on the superhydrophobic surface, whereas S. aureus cells were observed on the surface [24] . On the contrary, another work related to superhydrophobic surface reported that P. aeruginosa cells were observed on the Cicada wings superhydrophobic surface [25] .
Surface Tension.
The surface energy and its component are a physicochemical aspect that influences bacterial attachment. There is fixed theory in regard to the effect of surface tension on bacterial attachment. Two different trends on the influence of surface energy were reported. It was reported that bacterial attachments decreased as the surface energy of substrate was larger [26, 27] . Other studies reported opposite result; bacterial attachments were lower as the surface energy of the substrate decreases [28] . It can be concluded that no single factor determined bacterial attachment; other physicochemical properties of the substrate as well as the bacterial cells also play a role in bacterial adhesion.
Surface Topography.
Surface topography is represented as surface roughness; it is defined as the irregular surface texture. Surface topography is one of the physicochemical properties that influence bacterial attachment. However, there are not many works that have been explored. Surface roughness exists in macro-, micro-, and nanoscale. Experimental techniques to observe and quantify surface roughness are atomic force microscopy (AFM) and profilometer. However, AFM is more prominent than profilometer in resulting high resolution (subnanometre) 3D-spatial images.
In addition, AFM is a nondestructive technique and has the ability to quantify the nanotopography of a surface. Parameters that can be quantified are average surface roughness ( ), root mean square (RMS), roughness ( ), maximum surface roughness ( max ), and skewness ( skw ), kurtosis ( kur ), and peak ( pc ) and valley ( vc ) counts. Skewness ( skw ) and kurtosis ( kur ) are the statistical distributions of roughness character. Skewness can be described as a measure of the symmetry of the height probability density function. Kurtosis is peakedness of the profile. A surface that is centrally distributed has a kurtosis value greater than 3; a surface that has a well spread out distribution has a kurtosis value of less than 3. Peak and valley counts are the number of discernible peaks and valleys, respectively [29] . To date there is no fixed agreement on whether surface roughness hinders or favours bacterial attachment as numerous studies reported conflicting results.
Studies have proposed that surface irregularities provide a higher available surface area for bacteria to adhere. These surface irregularities include pit, scratch, cracks, and groove and were believed to act as a nest for bacteria to reside. It is widely believed that surface roughness in the range of 1-1.5 m is prone to bacterial adhesion due to the similar size of the bacteria. Other studies reported that surface roughness above 0.2 m increases bacteria adhesion [29] [30] [31] . Much work has been conducted to support the claim that bacteria adhesion increases proportionally with the increase of surface roughness. In Mediaswanti et al. 's study, they observed that the numbers of S. aureus and P. aeruginosa cells attached were increased with the increase of the surface microroughness [14] . This phenomenon was also observed in Jeyachandran et al. 's study, which reported that rougher surfaces tend to favour bacterial adherence. This report showed that surface microroughness promoted bacterial attachment [32] .
There have been numerous works that reported conflicting results in regard to the effect of surface topography on bacteria retention. Surface architecture with nanoscale roughness showed higher number of S. aureus and P. aeruginosa adhered onto equal channel angular pressing (ECAP) processed titanium surface [33] . Similar result was reported when bacteria cells were preferably attached on nanoroughness surface of glass [34] .
Elena and coworkers investigated the influence of nanoscale roughness of titanium thin films surfaces on bacterial attachment. The titanium thin film thickness produced was 3, 12, and 150 nm with an average surface roughness ( ) of 1.47±0.21 nm, 0.95±0.01 nm, and 0.64±0.02 nm, respectively. In their work, additional parameters (i.e., skewness and kurtosis) were used to provide an in-depth nanoarchitectural profile and provide more information on surface morphology, due to the average surface roughness ( ) on 12 and 150 nm film being similar. Skewness ( skw ) for 3, 12, and 150 nm was 1.2±0.1, 1.0±0.2 nm, and 2.3±0.1 nm and kurtosis ( kur ) of the thin film was 9.2±1.3, 5.6±0.1, and 36.7±1.1, respectively. In the case of 12 and 150 nm film, the skewness and kurtosis were significantly different, indicating different surface nanoarchitecture. According to their study, the skewness indicates disproportionate number of peaks and all of the kurtosis were greater than 3, indicating narrow height distribution with considerable number of sharp peaks and low valleys. They reported that, in the case of S. aureus cells, increasing cell numbers were found as the surface became smoother. The same trend was also observed for P. aeruginosa cells [29] .
Thin film of silver with thickness of 3 nm and 150 nm was sputtered onto titanium and yielded average surface roughness of 1.4 ± 0.2 nm and 0.8 ± 0.1 nm, respectively. Bacterial attachment of two pathogenic strains (S. aureus and P. aeruginosa) on these surfaces was studied. They reported that higher number of both two strains of bacteria cells was observed on the smoother surfaces [35] . These studies provide evidence that certain bacteria strains were prone to attach on smoother surface at nanoroughness scale. This finding is contrary to the initial statement in previous section that higher surface roughness is prone to attract more bacteria cells. In summary, topographical surface plays a significant role in controlling the attachment of bacteria; however no agreement can be drawn regarding the relative influences of the surface topography on the extent of bacterial attachment.
Surface Charge.
Surface charge is one factor that influences bacterial attachment. It is widely known that most bacteria cells possess net negative charge due to the high amount of carboxyl (-COOH), amino (-NH 2 ), and phosphate (-PO 4 ) groups [36] . Surface that is negatively charged hinders bacterial attachment and for surface that is positively charged will encourage bacteria cells to adhere on the surface. For example, E. coli, bacteria strain that is negatively charged, showed higher number of cells attached on a positively charged gold compared to negative or neutral surfaces. This can be explained due to the repulsive electrostatic forces [37] . A study conducted by Kenawy et al. reported that phosphonium group showed antibacterial effect [38] . Similar result of antibacterial activity was observed on positively charged quaternary ammonium salts and activated carbon. It can be said that negatively charged surfaces restrict the initial bacterial attachment, whereas the positively charged groups hinder the bacterial growth.
Conclusions
One of the primary goals of this review was to discuss the influence of physicochemical aspects of substratum nanosurface on bacterial attachment. The substratum physicochemical characteristics that were explored are surface wettability, surface charge, surface topography, and surface tension.
The surface wettability of the substratum has been shown to influence the bacterial attachment. It was reported that hydrophobic surfaces encourage bacterial adhesion. Numerous studies have shown that there may be a correlation between surface roughness and bacterial attachment. However, there is no agreement yet on the bacterial attachment pattern as there are contradiction results. Studies have reported the increased bacterial attachment on rougher surfaces, possibly due to the higher surface area, whereas, in relation with nanoscale roughness, the smoother surface may attract more bacteria adhesion. It is important to emphasize that surface charge of substratum and bacterial cells affects bacterial adhesion, as most of bacteria have negative surface charge and if they interacted with positive surface charge of substratum they may induce more bacteria attachment.
In conclusion, no single factor determined bacterial attachment; other physicochemical properties of the substrate as well as the bacterial cells also play a role in bacterial adhesion [37] . In addition, the bacteria showing different preferences to attach to certain surfaces provide more insight on surface characteristics that prevent bacteria adhesion. This insight may contribute on surface engineering area to reduce the risk of implant infections. In addition, it will motivate more studies to explore the possibilities of antibacterial coatings to prevent initial adhesion of bacteria onto metallic implants.
